Abstract: Numerous experimental studies have proven the efficiency of externally bonded fiber-reinforced polymer (FRP) systems on structural concrete elements, such as reinforced concrete (RC) beams. The current paper presents an analytical formulation of mechanical constants based on the results of experimental data, which were acquired from fatigue testing of intact and CFRPretrofitted RC beams. A total of six scaled RC beams were prepared for the test, three of which were strengthened with carbon fiber-reinforced polymers (CFRPs). A specific finite element model coupled with experimental results from the proposed RC beams made it possible to compare the theoretical and experimental fatigue behavior of RC beams with and without composite reinforcement. The developed numerical model was then extended to evaluate a higher number of fatigue load cycles, as recommended by bridge codes. This was carried out to monitor the performance of CFRP-retrofitted RC beams in terms of flexural stiffness deterioration and damage propagation. The relationships presented in this paper were calibrated to the tested specimens. Moreover, they were useful for the design of RC and CFRP-retrofitted RC beams and for predicting fatigue performance, including the damage behavior of constituent materials.
Introduction
Recently, externally bonded fiber-reinforced polymers have been widely used to rehabilitate reinforced concrete (RC) structures [1, 2] . Numerous research, including experimental, analytical and finite element approaches, have been conducted to investigate the monotonic behavior of carbon fiber-reinforced polymer (CFRP)-strengthened RC beams [3] [4] [5] [6] [7] [8] [9] . Many significant parameters must be considered in the research regarding CFRP-retrofitted RC beams, and these include premature failure modes, which result from either interfacial or end plate stresses [10] or crack propagation [11] . In addition to the mentioned critical parameters, the evolution of uniform materials during cyclic fatigue loading is significant and must be more thoroughly investigated given the highly cyclical behavior of such structures. Fatigue is the process of progressive changes to the permanent internal structure of a material subjected to repetitive stresses. These changes may be damaging, resulting in progressive crack growth and, ultimately, complete fracture [12] . Other research have focused on the reduced durability of bent RC beams, which are strengthened with composite materials and subjected to cyclic loading. Additionally, beam rigidity, cracking morphology, the interaction of reinforcement components with regards the bond uniformity of the entire structure, and the durability of the bond under cyclic loads, have been investigated in previous research [13, 14] . A previous research presented an analytical procedure incorporating the cyclical behavior of concrete and the degradation of flexural stiffness [15] . The results presented in this paper also provided an experimental investigation, in which RC beams were strengthened with glass fabrics and subjected to fatigue loading. The comparison showed that the analytical model provided a reasonably accurate prediction of the deflections for both the reinforced beams and RC beams retrofitted with composites. This model was first defined for concrete prisms under centric and eccentric compression before being applied to concrete-steel structures.
The current paper presents a relatively simple methodology to study the fatigue behavior of concrete in compression and focuses on RC members under flexure. In this research, numerical examples that reproduce the evolution of stresses and strains in RC short columns are presented.
One of the important aspects of fatigue examination is the material damage index. Concrete damage during fatigue loading is important because, as a function of load cycles, it can lead to the evolution of the modulus of elasticity. Calibrated experimental results based on a few studies can be used to modify the modulus of elasticity [16] . Furthermore, in recent works, calibrated formulations have been generated based on experimental tests on concrete and CFRP to calculate the changes in the modulus of elasticity of constituent elements in CFRPretrofitted beams with fatigue loading [17, 18] .
After considering previous works on the fatigue behavior of intact and CFRP-retrofitted RC beams, it has been realized that more detailed research on the subject is required. Hence, the present study investigates the effect of the range of fatigue loading on the ultimate strength capacity, stiffness, deformation, and failure mode of CFRP-strengthened concrete beams using both experimental and numerical approaches. This study also attempts to calibrate the fatigue experimental results to fit an analytical expression for the damage process. Additionally, reasonable comparisons between the numerical and experimental results are presented.
Experimental program
This section describes the main characteristics of the tested specimens, the properties of their constituent materials, the experimental loading apparatus, the instrumentation, and the testing sequences. In this study, six RC beams were prepared for testing, three of which were retrofitted with CFRP fabrics. The concrete was produced from a mixture of water, cement, sand, and aggregate with ratios (by mass) of 0.55 : 1 : 2.2 : 1.7, respectively. The average compressive strength of the concrete was determined to be approximately 50 MPa using a series of standard cylindrical specimens of 150 mm in diameter and 300 mm in height. The typical geometry and reinforcement of the tested beams are illustrated in Figure 1 .
A longitudinal reinforcement with a diameter of 12 mm exhibited a yield stress of approximately 365 MPa and a Young's modulus of approximately 205 GPa. Stirrups were made of steel bars with a diameter of 10 mm, yield stress of 260 MPa, and Young's modulus of 200 GPa. The wet lay-up strengthening procedure was used to apply two layers of unidirectional CFRP sheets to the tension face of the concrete beams, which strengthened the specimens in flexure. Then, U-wraps of CFRP sheets were attached to the supports to prevent the longitudinal CFRP fabric from debonding at the free edge. Sika Wrap ® -200C carbon fibers were used in the CFRP sheets, and a type of Sikadure ® -300 epoxy resin was used as the adhesive to bond the CFRP sheets to the concrete substrate. Both products were produced by the Sika Company. The specifications of the carbon fiber, the epoxy resin, and the assembled CFRP sheet are presented in Table 1 .
A notch with a length of 15 mm was made at the middle bottom surface on all of the studied RC beams. The retrofitted specimens were strengthened with two layers of 1 mm thick CFRP at the tension face of the specimens. A schematic representation of the retrofitted RC beams is shown in Figure 2 .
A servo-hydraulic universal DARTEC 1900 instrument (Zwick/Roell, Germany) was used for the tests. Prior to the testing, strain gauges were attached to the specimens. Two types of strain gauges were used to record the data; the PFL was used for the concrete, and the BFLA type was used for the composite. Both types of gauges are produced by the TML Company, Japan. A linear variable differential transformer (LVDT) at the bottom middle section of the specimens was used to record the deflections. Additionally, a load cell was placed between top surface of the specimens and the machine grip. All data, which consisted of strains (using strain gauges), mid-span deflections (using LVDT), and loads (using load cells), were recorded with a TML dynamic data logger. Next, all beams were primarily subjected to a fourpoint bending configuration with a simply supported span of 850 mm (Figure 1) . The specimens were then subjected to fatigue loading to investigate the effects of cycle number on load deflection and strain response. The fatigue loading frequency was 0.5 Hz with a recording frequency of every 0.2 s. Selection of the current frequency was based on the following two conditions: the testing frequency must be within the frequency range of vehicle traffic loading, and the servo-hydraulic machine must function properly under the selected testing frequency.
The specimens were tested at a constant amplitude of 6.5-65 kN for the control RC beams and 8.5-85 kN for the CFRP-retrofitted beams with a constant R-ratio of 0.1. Selection of the current amplitudes was based on the service loading limits of each of the intact RC beams and the CFRP-retrofitted RC specimens. Figure 3 presents the test setup, equipment, and position of strain gauges mounted on all the specimens. The maximum number of cycles allowed by the test apparatus, 50,000, were performed during the experiments. An introduction of the loading procedure and failure modes of tested beams, presented in Table 2 , is discussed thoroughly in the results and discussion section.
Finite element analysis
To verify the experimental test results, a numerical model using the FE program ABAQUS was generated. Mechanical characteristics of the modeled materials were introduced as the following. The concrete damaged plasticity model was used to analyze the concrete. The modified Hognestad model [19] was used as the nonlinear compressive stress-strain relation for concrete. The stress-strain diagram of this model is illustrated in Figure 4 .
For the tensile behavior of concrete, the damaged continuum plasticity model proposed by [20] was applied. For concrete, the model assumes that the two main failure mechanisms are tensile cracking and compressive crushing of the concrete material. The nonlinear model applied in the software is capable of elastic-isotropic modeling, which includes both plastic isotropic-compressive and isotropic-tensile behavior. For the steel rebar, elastic-perfect plastic behavior was applied. A two-layer CFRP sheet was attached to the tensile side and assumed to behave linearly elastic during the FE analysis. Moreover, the adhesive layer between concrete substrate and the CFRP layer was modeled, and its behavior was assumed to be elasticperfect plastic. The remaining details of the mechanical properties, such as tensile strength, compressive strength, and modulus of elasticity, have been explained previously according to Section 2 (experimental program) and also introduced in Table 1 .
A total of 6460 8-node brick C3D8R elements with a size of 20 mm were used for the concrete. Concrete elements were refined to a size of 3.75 mm around the crack. For the CFRP layer, a total of 450 4-node shell S4R elements with a size similar to that of the concrete were applied. Finally, a total of 540 2-node 3D truss elements, T3D2, were applied to model the steel rebar. The cracked part at the middle section of the beam was modeled as a flaw. Figure 5 demonstrates the FE model. FEM analysis was conducted to analyze fatigue, and the data were presented at every 10,000 cycles for cycles 10,000-50,000. The results for each cycle, including deformed and cracked element data, were used as inputs for the analysis in the proceeding cycle by applying the RESTART capability of the software. Concrete cracking was generated using a concrete damage plasticity model. Material degradation, significant in cyclic fatigue analysis, was applied in the model. For the numerical analysis of fatigue, the prescribed damage and material degradation models were applied for every load cycle, as indicated in Section 4. Damage index was presented for the unloading branches of the fatigue load cycles. However, as the load level was obtained at the service limit, the damage index for compression was applied as d c = 0. Softening occurred in tension, and d t was applied to the model. During the tensile behavior of concrete, damage versus strain was introduced as the damage parameter, and both the damage parameter and cracking strain were set to be 0. The subsequent points for the damage parameter and cracking strain were 0.98 and 0.0008, respectively. These values were chosen to satisfy the criteria for both the numerical FE results and the experimental data. The current material modification was implemented for concrete and CFRP using relations from previous studies and the present study. The results are discussed in detail in the following section.
Fatigue properties of the materials
Recently, some researchers have focused on the evolution of CFRP-retrofitted RC beams under fatigue loading. Among them, the relation presented by [21, 22] is notable and can be used to predict changes to the Young's modulus induced by fatigue loading as
where σ Cmax denotes the maximal stress in concrete in compression under fatigue loading, E C is the initial Young's modulus of the concrete, and ε CN is the increase in concrete strain for N load cycles. The evolution of compressive strain (ε CN ) as a function of the number of load cycles (N) is given by [21, 22] 
where w is the load cycle frequency, = − The relationship between load cycle and the evolution of concrete compressive strain, which was estimated by using Eq. 2 [21, 22] and measured from tests performed in the current paper, can be found in Figure 6 .
Given the concrete strain at each cycle, and using the concrete compressive stress-strain relation, [23] , the concrete stress at each cycle is obtained at each cycle from the relation given by
where f C is the concrete stress, f ′ C is the unconfined compressive strength of concrete (i.e. standard cylindrical strength), ε C is the concrete strain, ε ) > 1, otherwise k = 1. Then, the altered Young's modulus can be predicted. This relation reduces the compressive concrete stress as a function of the number of load cycles. This result is evident in the S-N curve, which is important in the fatigue design of structures and implemented in the FEM analysis for the current research.
Considering the evolution of the CFRP elastic modulus, the relationship between Young's modulus of the composite and number of load cycles was obtained and fitted using a common Wohler law given by
According to [24, 25] , the values for parameters α and β are α = - 507 and β = 70,227. Due to the limitations of the testing apparatus, experiments were performed using applied loads at a specified design level. However, the study was extended to investigate fatigue loading up to specimen failure. Using the adopted finite element method, the failure cycles for both intact and CFRP-retrofitted RC beams were estimated using the following procedure.
RC beams
The adopted RC beam for the current study was similar to those used in [26] and had the ratio of maximum applied fatigue loading to ultimate flexural loading given by = = max 65 0.59. 110 ult P P For this ratio, the tensile steel rebar yields prior to the primary failure mode. The number of cycles to failure was calculated using the relation proposed by [27] = F r Log N 6.969 -0.00
where N F is the number of cycles at the instant of failure, and σ r is the range of tensile stress of the steel rebar. From the FEM analysis, the tensile stress was determined to be as σ ≅ 300 MPa.
r Therefore, the number of cycles to failure was estimated to be as N F = 200,000.
CFRP-retrofitted RC beams
The same procedure accommodates CFRP-retrofitted RC beams when the relation between the maximum applied fatigue load to the ultimate bearing load is considered. The relation is given by = = max 85 0.53. 160 ult P P For this case, primary failure can be considered as the tensile yielding of the steel rebar. However, according to [26] , debonding of the CFRP sheet from the concrete substrate should also be assumed in the analysis. The current FEM solution represented the failure cycle of CFRP-retrofitted RC specimens. Moreover, knowing that σ ≅ 250 MPa r from the FEM analysis, and that the number of cycles to failure can be predicted using Equation 5, the number of cycles to failure was determined to be N F = 400,000.
Results and discussion

Overall discussion on experimental and finite element examinations of fatigue tests
The results are presented in terms of material properties, i.e. concrete compressive and tensile stress versus cycle number, mid-span load deflection curves, crack growth, and RC beam flexural degradation with fatigue loading. Using compressive concrete strain from the experimental measurements in Eq. 3, the variation of concrete compressive stress versus load cycle number, an S-N curve, is depicted in Figure 7 . This curve shows that the concrete stress rapidly decreased during initial load cycles and then plateaued, which is similar to typical creep behavior. The overall reductions in concrete stress were 8% and 7% for intact and CFRP-retrofitted RC beams, respectively. The overall increase in CFRP tension-stress was approximately 10% for the considered load level.
The evolution of Young's modulus of concrete during fatigue load cycles was estimated using Eq. 1. For this procedure, the evolution of compressive concrete strain was calculated and substituted into Eq. 1. The compressive concrete strain evolution was estimated using Eq. 2 from [21, 22] and obtained from the experimental measurements performed in the current research. The initial Young's modulus of concrete was E 0 = 32 GPa. The degraded Young's modulus of concrete in the last experimental fatigue cycle (load cycle 50,000) was calculated using Eq.1, and the compressive concrete strain evolution was determined by Eq. 2 from [21, 22] . The Young's modulus was determined to be 92.9%E 0 for an intact RC beam and 97.62%E 0 for a CFRP-retrofitted RC beam. During the last experimental fatigue cycle, the degraded Young's modulus was estimated by Eq.1 using the evolution in compressive concrete strain obtained from experimental measurements. The degraded Young's modulus was determined to be 94.49%E 0 for an intact RC beam and 98.65%E 0 for a CFRP-retrofitted RC beam.
Both experimental (EXP) and finite element approaches are discussed in the following fatigue examinations. The fatigue testing procedure used in the current research consists of three stages.
Pre-fatigue monotonic loading
At the beginning of the tests and throughout the range of service loads, the specimens were subjected to pre-fatigue monotonic loading. During this stage of loading, which was prior to the cyclic fatigue loading stage, each of the intact and CFRP-retrofitted RC beams in the specimens were subjected to quasi-static monotonic loading of the maximum design service load. As a result, major cracks were initiated and distributed. Furthermore, the cracks propagated during subsequent cyclic fatigue loading stages.
All the RC beams behaved identically when subjected to monotonic loading. Moreover, the behavior of CFRPretrofitted RC beams subjected to monotonic loading was analogous to that of the intact RC beams. However, the initial and post failure flexural stiffnesses were quite different. Figure 8 illustrates applied load versus midspan deflection under monotonic loading prior to fatigue testing. The results indicated an overall correlation between the numerical FEM approaches and the experimental measurements in both cases. Load-deflection curves obtained from experimental and FE analysis at various stages of monotonic pre-fatigue and fatigue loadings for intact and CFRP-retrofitted RC beams were compared and presented in Figures 8 and 9 , respectively. The strengthening procedure increased flexural load carrying capacity by approximately 31% and reduced mid-span deflection by 2.5%. Additionally, a summary of the results from this stage is displayed in Table 3 .
Fatigue loading
Typical load deflection hysteresis curves for RC control and CFRP-retrofitted beams that were experimentally subjected to 50,000 cycles are shown in Figure 9A -E, respectively. However, the numerical approach went up to 200,000 cycles for the control and either 400,000 cycles or the number of cycles up to failure for the CFRPretrofitted beam. With the exception of the pre-fatigue monotonic experiment, the first 10,000 cycle test, shown in Figure 9A , and all other cycles are illustrated in Figure 9B -E. Furthermore, tension cracks formed and propagated as the number of applied loads increased. Cracking patterns of the reference and CFRP-retrofitted RC beams after being subjected to 50,000 load cycles are presented in Figures 10 and 11 , respectively. As can be seen, racks were equally distributed in the retrofitted beam compared to the control beam under identical load cycles. to the stiffness of the beam under pre-fatigue monotonic loading. Repeated fatigue cycles caused slight but stable reductions in the stiffness and fatigue loading stress of all of the beams. The phenomena of stiffness degradation can be related to crack formation and propagation, which implies a relative slip between the concrete, steel rebar and CFRP sheets, and concrete failure at the tension zone. The adopted FEM approach was used to estimate degradation of the stiffness, and similar trends were predicted with respect to the experimental measurements. However, due to inadequacies in the complete numerical model, lower values were predicted. A range of 8% and 20% maximum degradation of stiffness was estimated for the reference beams and CFRP-retrofitted beams, respectively. The measured and calculated longitudinal strains of CFRP-retrofitted RC beams for different load cycles are illustrated in Figure 13 . Strain gauge was mounted at the bottom of the CFRP layer at the mid-span of the beam according to Figure 3 . In general, as the number of load cycles increased, strain of the retrofitted beam Stiffnesses of reference and CFRP-retrofitted beams were calculated after each fatigue load cycle, in order to provide a quantitative measure of the degradation of beam flexural stiffness. The stiffnesses were calculated by estimating the slope of the load-deflection curve using linear regression analysis.
For each specimen, the obtained stiffness values were normalized with respect to the post cracking stiffness of the beam before application of the fatigue loads. Figure 12 shows both experimental and FEM approaches for the degradation of stiffness normalized with respect at the tension face on the CFRP sheet slightly increased. As shown in Figure 13 , as the load cycle approached the 20,000 th cycle, CFRP longitudinal strain increased in both minimum and maximum ranges, decreased suddenly, and then marginally increased until the 50,000 th cycle. According to the experimental observations, this incidence occurred as a result of local debonding near the mid-span of the beam, which is attributed to the initial inserted notch.
The inter-laminar stresses in the adhesive layer and tensile steel rebar were calculated during load cycles. The results are illustrated in Figures 14 and 15 . The longitudinal normal stresses were much higher than the shear stresses in the adhesive layer ( Figure 14) . However, parameter that identifies the debonding process is the maximum principal stress. The last cycles predicted for fatigue testing of RC and CFRP-retrofitted RC beams are illustrated in Figure 9E . As can be seen, the two modes of failure that would result in specimen failure at the last cycle yielded of steel rebars and debonding of CFRP layer from the concrete substrate.
Post-fatigue monotonic loading
Load deflection curves for the control beam before and after applying various intervals of fatigue load cycles are shown in Figure 16 . To assess the damage accumulation in the mid-span of each beam, the permanent mid-span deflections were recorded after different numbers of fatigue load cycles. The ultimate deflections of the control beams were significantly smaller than the deflection of the beams recorded prior to the fatigue loading tests. In other words, the ductility of un-strengthened RC beams was substantially larger than the ductility of control beams under static monotonic loading after 50,000 cycles, as shown in Figure 16 . Furthermore, the flexural stiffness of the latter case almost diminished after post-fatigue loading with respect to the pre-fatigue stiffness. Comparing the FEM prediction with the experimental measurements, the accuracy of the numerical analysis would be verified. The same comparison between the experimental data and the FE analysis was made for the CFRP strengthened RC beams in Figure 17 . For these cases, an initial increase in deflection was observed at the beginning of the cyclic loading. The ultimate load was reduced by 23% for specimens that experienced cyclic fatigue loading. The difference between the ultimate deflection of the CFRP-retrofitted and reference RC beams before and after fatigue cycling loading was highly pronounced, as shown in Figures 16 and 17 . Contours of maximum principal plastic strain along the adhesive layer are depicted in Figure 18 . As can be seen, the intensity of the strain formed around the middle part of the beam resulted in debonding of the adhesive layer from the concrete substrate. Meanwhile, Figure 19 illustrates the mid-span deflection versus fatigue load cycle for RC and CFRP-retrofitted RC beams that were obtained from experimental measurements and FE analysis. As previously mentioned, up to 50,000 cycles were evaluated both experimentally and FE analysis. After that and up to specimen failure, only results from FE analysis are presented. Generally, the FE curves are consistent with the experimental measurements up to cycle 50,000. From the FE analysis, it can be observed that the mid-span deflections increased slightly up to specimen failure. The modes of failure were previously discussed, and the amplitude of RC beams was observed to be lower than the amplitude of CFRP-retrofitted RC beams (6.5-65 kN to 8.5-85 kN). Intact RC beams had higher ultimate deflections (lower limit: 7.5 mm, upper limit: 9.46 mm) compared with the CFRP-retrofitted beams (lower limit: 8.8 mm, upper limit: 11 mm). During the last cycle, failure occurred almost immediately after a sudden increase in deflection, as shown in Figure 19 . 
Discussion of nonlinear finite element analysis (NLFEA) on interfacial stresses
In the previous sections, NLFEA was validated by experimental measurements. In this section, the study focuses on the variations of stresses in the interfacial adhesive layer, which play a significant role in the failure of CFRP-strengthened RC beams. Prior to crack formation in concrete, tensile stresses in the CFRP layer cause mild interfacial shear stresses in the adhesive layer. Full composite action is achieved between the CFRP reinforcement and concrete up to initial failure. To evaluate the bond characteristics between the concrete and CFRP reinforcement, the interfacial stress components were predicted using NLFEA. Figure 20A -D show the distribution of stress along the length of CFRP-retrofitted RC beams using the mid-span as the origin. The interfacial stress components, including normal stress, σ yy ; shear stress, τ yz ; normal stress, σ zz ; and maximum principal stress, where y is the vertical direction and z is the beam longitudinal direction, are plotted for various cyclic fatigue loading numbers to illustrate the change in stress distribution with increasing load cycle number. The normal and principal stress distribution are proportional to the moment diagram of all fatigue load cycles. Based on the results, maximum stress was observed at the mid-span and slightly declined in both directions before suddenly decreasing at the end supports. This reduction was more pronounced in the last load cycle, which was over 400,000. The variation of interfacial shear stress, τ yz , was approximately the same for all fatigue load cycles, except around the notch near the mid-span. However, as the number of load cycles increased, a significant fluctuation was observed in the shear stress distribution along the RC beam, as shown in Figure 20 .
Cracking behavior of simply supported RC beams strengthened with CFRP sheets under four-point flexural loading with fatigue nature is shown in Figures 21A-24A . As can be seen, initial cracks at the concrete portion originated from the mid-span around the notched area and propagated longitudinally within the maximum moment zone. The distribution of crack formation was symmetrical on both sides from the center. The cracks initiated perpendicular to the center at the mid span section and extended to the top surface. Cracks also initiated and developed outside of the applied load positions. The numerical results also indicate that stabilized flexural cracks occurred with load cycles, and crack widths further increased with fatigue load cycles. The distribution of interfacial stress component contours, τ yz and σ yy , between the CFRP and the concrete substrate in the bond layer is illustrated in Figures 21B-24B for different load cycles. As the number of load cycles increased, the interfacial stresses intensified and propagated from the mid-span zone within the longitudinal direction. Given that the normal stresses along the beam depth were minimal, an illustration of these stresses was omitted.
The direction and maximum magnitude of the principal stresses in the adhesive layer were predicted at cycles 10,000, 30,000, 50,000 and the last cycle of fatigue loading by NLFEA. These measurements are major parameters typically used to predict the mode of the 
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debonding failure mode of the CFRP-concrete junction and the direction of crack growth for different levels of cyclic fatigue loading.
The variation of maximum principal stress contour along the mid-row of the adhesive layer versus load cycle is illustrated in Figure 25 . As previously explained, this component of interfacial stress is significant and can result in debonding. Therefore, increasing the number of fatigue load cycles can change the direction of the interfacial maximum principal stress contours to a more vertical direction. This explains the increased probability of debonding in the adhesive layer. 
Summary and conclusions
The current paper presents fatigue response of CFRPstrengthened RC beams. Several conclusions can be drawn based on the experimental and nonlinear finite element analysis.
First, the main empirical relation predicted the degradation of Young's modulus for concrete, which was fitted to both RC and CFRP-retrofitted beams. The equation proposed in the current research to determine the degradation of Young's modulus for concrete was compared to previous works and is useful in fatigue design and analysis.
Second, for a large number of load cycles, i.e. more than 100,000, the RC beams demonstrated increased deflection. The load deflection, strain response, and degradation of flexural stiffness with load cycle number of the control and CFRP-retrofitted RC beams were presented as fatigue characteristics. The pre-and post-fatigue monotonic test results showed that the load deflection responses of beams with and without previous cycling were similar. 
N mm
Third, the variations in interfacial stress components along the longitudinal direction of the beams during fatigue hysteresis were illustrated to show an important criterion that predicted debonding in the adhesive layer between CFRP sheet and the concrete substrate. Damage occurred during the last cycle in the debonding mode due to the shear stress response of the CFRP-concrete interface.
To verify the experimental results, a simplified and practical finite element analysis using ABAQUS software was conducted. The damage characteristics, Young's modulus degradation and S-N curves obtained from the experimental program for concrete were introduced as parameters for FEM analysis. In the current study, results obtained from FE analyses and experimental examinations were compared. The presented results collected 
from both experimental and FEM examinations consisted of typical load-deflection curves at the stages of pre-fatigue monotonic, cyclic fatigue and post-fatigue monotonic loadings, and stiffness degradation diagrams. All the FEM and experimental results were compared to one another, and the comparisons, indicated a relatively good agreement. Finally, FEM analysis was performed to predict fatigue cyclic failure of both intact and CFRP retrofitted RC specimens, and the achieved results were compared. 
